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Vapor t r a n s p o r t  of CdS i n  a closed ampoule due t o  a 

t empera tu re  g r a d i e n t  w a s  i nves t iga t ed .  Comparisons between tbe 

theoretical and exper imenta l  growth rate f o r  the following 

condftfons w e r e  d i scussed:  (1) with and wi thou t  the presence of 

Ar vapor, (2) convect ive  con t r ibu t ion  to the growth rate i n  the 

v e r t i c a l  stabilized and h o r i z o n t a l  conf igu ra t ions ,  and ( 3 )  the  

effect of s t a r t i n g  m a t e r i a l  composition on the growtfi r a t e .  I t  

w a s  found tha t  Cd reacts with fused  s i l ica  ampoule and causes  the 

Contamination of CdS sample. 
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C r y s t a l  growth by vapor t r a n s p o r t  h a s  been i n v e s t i g a t e d  for  

many y e a r s  because it allows the h i g h  me l t ing  compound 

semiconductors  to be grown a t  a lower temperature .  The d i f f u s i v e  

and convec t ive  vapor transport i n  a closed s y s t e m  of G e S e - G e f q  

has Seen analyzed by Wiedemeier e t  a l .  [I-21. I n  t h i s  paper, t h e  

transport rate of CdS i n  a c l o s e d  ampoule has been analyzed for 

t h e  ver t ical  s tabi l ized and h o r i z o n t a l  c o n f i g u r a t i o n s .  The 

effect of t h e  presence of an  i n e r t  gas is also d i scussed .  The 

theory o f  t r a n s p o r t  k i n e t i c s  w i l l  be  g iven  i n  s e c t i o n  2 .  The 

exper imenta l  procedures w i l l  b e  described i n  s e c t i o n  3. F i n a l l y ,  

comparison between the  t h e o r e t i c a l  and exper imenta l  r e s u l t s  and 

s o m e  d i s c u s s i o n  w i l l  be presented i n  s e c t i o n  4 and 5 ,  

r e s p e c t i v e l y .  

2. THEORY 

me czystal growth process of t r a n s f e r r i n g  vapor s p e c i e s  

Zron source t3 crystal can Se divic?ed i n t o  t h r e e  s t e p s :  

( 1) t h e  subl imat ion of spec ie s  from source t a  the vapor 

phase 

( 2 )  t h e  t r a n s p o r t  of species  through t h e  vapor phase 

( 3 )  t h e  condensation of vapor s p e c i e s  on the  c r y s t a l  

su r f ace .  

V e  c a n  cons ider  crystal g r o w t h  as these t h r e e  processes  

o c c u r r i n q  i n  s e r i e s .  Thus i t  is t he  s lowes t  of t h e  processes  

de te rmines  the  growth r a t e .  In g e n e r a l ,  t h e  transport of s p e c i e s  

through t h e  vapor phase, o r  s t e p  ( 2 1 ,  is much s l o w e r  than  the 



r e a c t i o n s  occur r ing  a t  the solid-vapor interface.  Therefore ,  

th roughout  th i s  paper,  w e  w i l l  o n l y  c o n s i d e r  the k i n e t i c s  o f  s t e p  

( 2 )  and assume t h a t  equi l ibr ium is a l w a y s  e s t a b l i s h e d  between t h e  

s o l i d  phase and the vapor h e d f a t e l y  adjacent to it. 

The mass transfer i n  a multi-component gas mixture  is given  

by the equat ion  of flux of the  g e n e r a l  form: 

Ji = -Di grad Ni + UNi (1) 

w h e r e  Ji is  t h e  flux O f  spec ie s  i w i t h  c o n c e n t r a t i o n  Si, Di i s  

the corresponding d i f f u s i o n  c o e f f i c i e n t .  The f i rs t  term is t h e  

d i f f u s i v e  con t r iSu t ion  t o  the f l u x .  rJ i s  a f l o w  v e l o c i t y  which 

acts on the  ?as a s  a w h o l e ,  o r  S t e f a n  flow, and is  the r e s u l t  o f  

t h e  change i n  volumes o r  p re s su res  d u r i n g  t h e  subl imat ion  and 

condensat ion r eac t ions .  In the presence  of  a g r a v i t a t i o n a l  

f i e l d ,  the c o n t r i b u t i o n  of a convec t ive  motion should be i n c l u d e d  

i n  t h e  f l o w  v e l o c i t y  U i n  t h e  second tern. 

2.1 Diffusive transpolrt without the  presence of an iner t  gas 

For a T I - V I  compound AB, t h e  predominant vapor  spec ie s  a r e  

The vapor s p e c i e s  o f  S have va r ious  forms of 

ilowever, i n  the  temperature  of 

u s u a l l y  .4 and 3*. 

S, molecule w i t h  n from L t o  8 .  

i n t e r e s t ,  g r e a t e r  than F300°C, S2 i s  t h e  predominant spec ie s  

C 3 ] .  W e  w i l l  assume t h a t  t3e vapor ?base c o n s i s t s  of A(q) and 

B,(g) s p e c i e s  a n d  they behave i d e a l l y .  Then for an  ampoule 3s 

shown i n  Fig. L ,  w i t ? i  t he  source s u r f a c e  a t  x = L and T = T ( 1 )  

and the c r y s t a l  s u r f a c e  at x = 0 and T = T ( O ) ,  eq. (1) becomes: 

- 



' I  . 

-. . 
I 

D dPA u J A f - -  RT dx * 'A 

dP 
D B2 u = - E 'F + - P RT B2 ( 3 )  

A d d i n g  eq. ( 2 )  and ( 3 )  and n o t i n g  that total pressure, PT = PA + 

is constant, w e  have 
*2 ' 

P 

J A + J B  = - .  RT 2 

The growth rate of AB(s) compound is 

= = 2J%- 

( 4 )  

S u b s t i t u t i n g  J i n t o  eq. ( 4 )  and e l i m i n a t i n g  U i n  terns of  3 i n  

ea. ( 2 )  and ( 3 1 ,  w e  have 

D dPA 3 JpA 
=I = - - - + - - RT dx 'T 

3JP 
2D dPa2 a2 = - - - +  

pT - XT dx 
( 7 )  

Assuming D i s  independent of the vapor composi t ion and D and 

T are c o n s t a n t  w i t h i n  t h e  small t empera ture  range of T ( 0 )  and 

T ( I ) ,  w e  can  i n t e g r a t e  eqs. ( 6 )  and ( 7 )  f r o m  x = 0 t o  1. 
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where the average temperature, T,, is approximated by 

The transport rate, J, can be obtained from either eq. ( 8 )  

or (9): 

pT 

pT 
1 .  (11) p B 2 ( = )  - 

p B 2 ( 0 )  - 

2pT 

pT PA(0) - 
In I 2 O P T  - 71 = 7 RTbr 2 

= T RTaL 

f o r  a n a r r o w  
=2 

The p a r t i a l  p re s su res  of X and 9*, PA and P 

homogeneity range compound can vary  o v e r  s e v e r a l  orders of 

magnitude from A-saturated t o  + s a t u r a t e d  cond i t ion .  'iiowever, 

the Gibbs enerqy of formation for t h e  gas phase is, almost 

independent of t h e  d e v i a t i o n  from s to i ch iomet ry ,  a func t ion  of 

tarnperature only. 

and 789'2 d e t e m i n e d  by Goldfinger e t  al. [ 4 ]  g ives :  

A least  square f i t  t o  t he  CdS data between 629 

) = -34492.1/T + 20.9322 2 
Loglo ?s2 (12) 

w h e r e  ? is i n  a t m  and T i n  K. 

X q u a n t i t y  a(1), defined a s  ?cd(l)/Ps (1) [SI, measuring t h e  2 
d e v i a t i o n  o f  s to ich iometry  €or  t h e  sou rce  mater ia l ,  is  u s e d  t o  

c a l c u l a t e  P C d ( l ) ,  P (l), PCd(l)), and ? ( I ) ) .  F i r s t ,  P c d . ( l )  and 

P (1) c a n  be obtained f r o m  ~ ( 1 1 ,  C Z ( I ) ,  and eq. ( 1 2 ) ,  t h e n  ? C d ( O )  

and P ( 0 )  are ca lcu la ted  f r o m  T ( O ) ,  eq. (12) and PT Z P c d ( l )  * 
P (1) = P c d ( 0 )  + P ( 0 ) .  F ina l ly ,  the g r o w t h  ra te  J is 

c a l c u l a t e d  5y eq. (11) a f t e r  a reasonable  e s t i m a t e  of L 

s2 s2 

s2 

52 s2 

s2 



2-2 Diffusive tranrrpott in the presence of an inert gas 

The vapor s p e c i e s  i n  the ampoule are A, B2, and 2, where 2 

is the inert spec ie s .  

similar t o  eqs. ( 2 )  and ( 3 ) .  S ince  there is no mass t ransfer  for 

2, the net f l u x  of the i n e t t  gas s p e c i e s  is zero, 

The flux equations for A and B2 are 

D dP, u J z = - -  RT dx * '2 (13) 

Eq. (13) shows t h a t  t h e  f l u x  d u e  t o  a c o n s t a n t  flow v e l o c i t y  U 

from t h e  sou rce  t o  t h e  c r y s t a l  i s  balanced by a d i f f u s i v e  f l u x  

r e s u l t i n g  from a concent ra t ion  g r a d i e n t .  

Following the s a m e  procedure as desc r ibed  i n  2.1, w e  have 

t h e  same equat ions  as eq. (81, (91, and (11) f o r  t h e  p re s su re  

p r o f i l e s  and growth r a t e .  The p r e s s u r e  of 2 is g iven  by 

However, i n  t h e s e  equa t ions ,  eqns. ( 8 1 ,  (9), (111, and (141, t h e  

t o t a l  p r e s s u r e  is P,(x) = P,(X) + PB* ( x )  + ?,(XI. me procedure 

of the  numerical  c a l c u l a t i o n  for CdS in the  presence  of inert gas 

Z is the following. 

F i r s t ,  the number of  moles of  2 ,  NZ, can be c a l c u l a t e d  

assurnins i d e a l  ?as Law for 2 ,  



w h e r e  Pi and T' are the pressure and tempera ture  a t  the cond i t ion  

of sealed-off, V i s  t h e  free volume of the ampoule, and A the 

cross s e c t i o n  area Of the ampoule. Assuming A is c o n s t a n t  and T 

= T, = constant,  w e  can  integrate eq. (15) w i t h  P,(x) given by 

eq. (14) 

L a 

The q u a n t i t y  V'T' can be obtained from t h e  p r o f i l e s  of t h e  X/T, 
- 

t empera tu re  and volume o r  simply approximated as LT,/T'. 

g iven  a ( ' L ) ,  PCa(l) and P s  (I) can be c a l c u l a t e d  from T ( I )  and eq. 

( 1 2 )  as described i n  2 . 1 .  Then an i n i t i a l  va lue  is given for  J 

For a 

2 

w h i c h  enables  u s  t o  s o l v e  ?,(l) from eq. (16) by an i t e r a t i v e  

p rocess  Secause PT = ?Cd(l) + Ps (1) + JZ(l) also appears  in t h e  
2 

equat ion .  Then PZd(O)8 ? (01, and ?,(a) are  c a l c u l a t e d  by eqs.  

( a )  8 (9) 8 and ( 14)  and t h e  c a l c u l a t e d  v a l u e  f o r  P & ( o )  pS (0) 
s2 

2 
ob ta ined .  Finally, a t r i a l  and e r r o r  r o u t i n e  c 6 ]  is used to 

2 J u n t i l  t h e  c a l c u l a t e d  value €or PCd(0) Ps ( 0 )  a g r e e s  w i t h i n  
2 

o.OL% to the experimental  value given by eq. (12). 

2.3 Contribution of the convect ive transport 

I n  a two-dimensional enclosure shown i n  Fig.  2 a ,  if there is 

a p o s i t i v e  temperature g rad ien t  such a s  i n  Fig.  2 b 8  perpendicular  

t o  t h e  g r a v i t a t i o n a l  f i e l d  w h i c h  d i r e c t s  toward - y  d i r e c t i o n ,  

then  t h e r m a l  convection flows i n  the  p a t t e r n  a s  shown i n  Fig.  

2a. -e i n t e r a c t i o n  S e t w e e n  t h i s  f l o w  and a concen t r a t ion  

p r o f i l e  of  ax > 0 a s  i n  Fig.  2 b  g i v e s  r ise t o  a t r a n s v e r s a l  an 
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an c o n c e n t r a t i o n  g r a d i e n t  a > 0 as shown in Fig. 2c- Y 
result ing from this g r a d i e n t  is the  convec t ive  c o n t r i b u t i o n  t o  

the t o t a l  flux and is i n  the o r d e r  of Vxd - (=VxnIy 

The n e t  f lux  

an 
aY 

Klosse e t  al. C7f have c a l c u l a t e d  t h i s  fhermal  convec t ive  

c o n t r i b u t i o n  t o  the t o t a l  mass t r a n s f e r  i n  a rectangular 

e n c l o s u r e  due t o  a h o r i z o n t a l  t empera ture  g r a d i e n t .  

is given  i n  terns of a dimensionless q u a n t i t y  K w h i c h  is def ined  

as the r a t i o  of the m a s s  t r a n s f e r  of convect ion t o  d i f f u s i o n :  

The r e s u l t  

w h e r e  Jt is the t o t a l  flux and J,, t h e  d i f f u s i v e  f l u x  given i n  2 . 1  

and 2 . 2 .  Their express ion  f o r  i( is 

+ B 1 - l  

w h e r e  X and 9 a r e  geometrical  parameters  depending on t h e  

dimension of the enc losure .  

a func t ion  of  the r a t i o  of the dimension l / d  is q i v e n  in f i g .  4 

of R e f .  [7 ] .  

u s e d  in the  f l u i d  dynamics and a r e  q iven  by: 

The n u m e r i c a l  values for A and i3 as 

NSc and VGr a r e  t he  Schmidt  and Grashof numbers  

=I Q / P D  %c (19) 

(20) 
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where n is the v i s c o s i t y ,  p the d e n s i t y ,  g the g r a v i t a t i o n a l  

force, and 6 the thermal  expansion c o e f f i c i e n t .  Under t h e  

assumption of ideal gas for the transpott f l u i d ,  p and 6 can be 

approximated as : 

PiMi 
p = C -  

i RTa 
(21) 

(22) 

where M i  i s  t h e  molecular weight of s p e c i e s  i. 

2.4 Estimation of n and D 

The t r a n s p o r t  gararneters, v i s c o s i t y  rl and d i f f u s i o n  

c o e f f i c i e n t  D ,  €or a Low pressure  gas  mixture  can  Se well 

e s t i m a t e d  by k i n e t i c  theory of gas [SI. 

2.4.1 V i s c o s i t y  n 

The v i s c o s i t y  of a one component gas phase can be c a l c u l a t e d  

by iissuminq a Lennard-Jones 6-12 i n t e rmolecu la r  p o t e n t i a l  9 ( r )  

Setween s p e c i e s  

The two i n t e r a c t i o n  parameters, E and u, a r e  r e s p e c t i v e l y ,  t h e  

p o t e n t i a l  well depth and the  in t e rmolecu la r  d i s t a n c e  a t  JI = 0. 

The v i s c o s i t y  i s  then qiven by 



w h e r e  rl in up , T in K, u in A ,  and 

w h e r e  T* f - kT and 
E 

x = 1.16145, B = 0.14874, c = 0.52487 

D = 0.77320, E = 2.16178, F = 2.43707. 

The viscosity of gas mixtures at Low pressures is given by 

n Y: '1: 

where 

( 2 6 )  

and q i  and yi are t h e  viscosity of pure-component i and mole 

fraction of species i, respectively. 

2.4.2 Diffusion coefficient D 

The diffusion coefficient fo r  a binary gas systam at low 

pressure can be estimated by 



2 where DAB is in cm / a ,  T in R, P in aim, and u A B ' i n  A .  

me simple  rules for the i n t e r a c t i o n  paramtars ,  

E= and am, between the vapor species A and B are often 

employed: 

+ % 
2 0 0  AB 

( 2 9 )  

where cA, uA and c B , u B  are respectively, the p o t e n t i a l  parameters 

for pure  component A and 3 ,  and ilD i n  eq. ( 2 8 )  i s  given by 

where T* = kT/EAB, A = 1.06036, B = O-.L5610, C 0.193008 

D = 0.47635, E = 1.03587, F = 1.52996, G = 1.76474, H = 3.89411. 

I n  t h e  p r e s e n c e  of an inert gas, the  d i f f u s i o n  c o e f f i c i e n t  

is approximated by s u b s t i t u t i n g  total pres su re  for P i n  t h e  

denominator of sq. (29). 

3. EXPERIMENTAL 

Source materials of  CdS were supp l i ed  5y Eagle-Picher Inc .  

in t h e  form of a mixture of s m a l l  chunks and powder. The 

ampoules w e r e  16  nm O D ,  3 nm wall t h i c k n e s s  s i l i c a  t u b e s .  After 

c lean ing  w i t h  d i s t i l l e d  H20, YF, ;?ethanol,  and ace tone ,  the 

ampoules w e r e  Saked out at L140'C fo r  3 hrs. 

off under lo'* torr vacuum or  Ar p r e s s u r e  after CdS w a s  loaded. 

men it was sealed 



Typically, t h e  ampoule is L 4  cnt Long w i t h  CdS source  cover ing  

abou t  3 crn of its Length. The ampoule w a s  t hen  p l aced  i n s i d e  a 

fout-zone t r a n s p a r e n t  furnace mounted i n  such a w a y  that it can 

be t i l t e d  t o  g i v e  d i f f e r e n t  conf igu ra t ions .  Pig.  3 shows t h e  

typical tempera ture  p r o f i l e  used f o r  t h e  vapor t r a n s p o r t .  

Experimental  c o n d i t i o n  for CdS vapor t r a n s p o r r  can be 

d iv ided  into t h r e e  categories: 

( L )  Ampoules w e r e  sealed off under vacuum. I n  o r d e r  t o  

compare t h e  t r a n s p o r t  rates between v e r t i c a l  s tabi l ized ( h o t  end 

on t h e  t o p )  and h o r i z o n t a l  conf igu ra t ions ,  a l l  tSe source  

m a t e r i a l s  were t r anspor t ed  using t h e  same ampoule i n  the t w o  

conz iqu ra t ions  . 
( 2 )  Ampoules w e r e  sea led  u n d e r  d i f f e r e n t  A r  p r e s s u r e s  and 

t r a n s p o r t  w a s  stopped a f t e r  about 2 weeks. 

Sroken and t r a n s p o r t  r a t e  was c a l c u l a t e d  front t h e  amount of CdS 

The ampoule was then 

c o l l e c t e d  a t  t h e  cold snd. 

( 3 )  I n  an a t tempt  t o  con t ro l  the  a ( l )  va lues  of t h e  source 

m a t e r i a l s ,  CdS were annealed under CB g r e s s u r e  before loading 

i n t o  t h e  t r anspor t ed  ampoules. F i r s t ,  CdS source  n a t e r i a l s  about 

6 gms and pure Cd about 5 gms from Cominco L t d ,  American were 

loaded i n t o  an annea l ing  ampoule and sealed u n d e r  vacuum. W i t h  

t h e  h e l p  o f  5 cn w i d e  ceramic 'neat barr ier ,  a temperature  p r o f i l e  

a s  shown in Fig.  4 was achieved w i t h  CdS at ,980"C and Cd a t  

39323°C. m e  ampoule was opened a f t e r  2 2  h r s .  annea l  and C3S w a s  

u s e d  as source  m a t e r i a l  for t he ' subsequen t  t r a n s p o r t  experiment. 
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4.1 Theoretical C a l c u l a t i o n  

The t r a n s p o r t  rate of CdS is calculated by t h e  procedure 

described i n  s e c t i o n  2 .  Table 1 g i v e s  the intermoLecular 

potential parameters used for C d ,  S2, and Ar vapor s p e c i e s -  The 

va lues  for Cd are taken  from a r e c e n t  de t e rmina t ion  by Su e t  a l .  

[SI u s i n g  o p t i c a l  absorp t ion  technique  and those for S2 are the  

r e s u l t s  of a t h e o r e t i c a l  c a l c u l a t i o n  C l O l .  The only experimental  

v i s c o s i t y  data a v a i l a b l e  a r e  for Ar vapor between 0 and 827'C and 

t h e  c a l c u l a t e d  v a l u e s  agree w i t h  them to 22.2'3 w h e n  the 

i n t e r a c t i o n  parameters i n  Table 1 a r e  u s e d  i n  eqs. ( 2 4 )  and ( 2 5 ) .  

4.1-1 wi thou t  the presence of an inett  gas 

Fig. 5 shows t h e  growth rate for T(I) a t  8 8 0 ° C  a s  a func t ion  

of AT 3 T(I) - T ( 0 )  for v a r i o u s  va lues  o f  a( 1). A s  t h e  source  

m a t e r i a l  approaching congreuntly sub l ima t ion ,  o r  o(l) = 2 . 0 ,  t h e  

growth r a t e  i nc reases  rap id ly .  I n  f a c t ,  i n  examining t h e  growth 

r a t e  equat ion ,  eq. (111, we see t h a t  the growth rate is  i n f i n i t e  

when a = 2.0 .  This means t h a t  when s(1) g e t s  w i t h i n  a c e r t a i n  

range about  2 . 0 ,  the vapor t r a n s p o r t  r a t e  i s  so f a s t  t h a t  t h e  

r e a c t i o n  a t  t3e solid-vapor i n t e r f a c e  becomes the r a t e - l imi t ed  

s t e p .  The f i g u r e  a l s o  shows t h a t  growth r a t e  reaches s a t u r a t i o n  

a t  1T = 30'C and a Larger AT does not  e f f e c t i v e l y  i n c r e a s e  the  

t r a n s p o r t  r a t e .  Rere w e  only show t h e  r e s u l t s  for s e v e r a l  values  

of ~ ( 1 )  Setween 0.L and L O .  The a c t u a l  L i m i t s  of u ( 1 )  €or  CdS a t  

880'2 can 3e obtained from the  exper imenta l  p a r t i a l  p re s su res  a t  

the three-phase loops w h i c h  are not known a t  present. In  



principle, it can have va lue  much higher than LO for Cd-saturated 

and much Lower t han  0 - L  for Te-saturated condition. Fig. 6 shows 

the p a r t i a l  p r e s s u r e  p r o f i l e s  for Cd and S2 a long  a L O  c m  ampoule 

for t w o  values of AT, LO and 30'C for T ( 1 )  = 880 'C and a(1) = 

3.0. According to eqs- ( 6 )  and (71, the transport  rate resulting 

from Stephen f l o w  is propor t iona l  t o  the p a r t i a l  p r e s s u r e  w h i l e  

the c o n t r i b u t i o n  from d i f f u s i o n  is p r o p o r t i o n a l  to t h e  pressure 

g r a d i e n t  and the n e t  t r a n s p o r t  rates for Cd and S2 have t o  

s a t i s f y  the e q u a l i t y  Jcn = 2Js . 
d i f f u s i v e  f l u x  f o r  Cd is ac tua l ly  from crystal  to source for a 

As we can see from Pig. 6 t h e  
2 

source  material of PCa/P > 2.0.  Fig. 7 s h o w s  t h a t  for 

f i x e d  a ( l )  and AT t h e  t r a n s p o r t  ra te  is almost c o n s t a n t  for T ( l )  

Setween 900 and LOOO'C. Because as  T ( L )  i n c r e a s e s ,  although 

s2 

p a r t i a l  p re s su res  i n c r e a s e ,  the corresponding d i f f u s i o n  

c o e f f i c i e n t  decreases. "%e c o n t r i b u t i o n  of convec t ive  t r a n s p o r t  

for t h e  3 o r i z o n t a l  con€igurat ion is a l so  t c a l c u l a t e d  as described 
*J t, in 2.3 and found t o  be n e g l i g i b l e ,  K - - 1 is i n  t h e  o r d e r  of 
JD - o r  Less for a 10 c m  Lon?, L c m  d i ame te r  ampoule. 

4.1.2 In  the  presence  of A r  vapor 

The e f f e c t  of Xr pressure on the  growth r a t e  3as 3 e e n  

c a l c u l a t e d  and  is shown i n  P i g .  8 .  

is  the va lue  a t  25°C sealed-off c o n d i t i o n .  The a c t u a l  4r 

p r e s s u r e  i n s i d e  t h e  ampoule a t  380'C is a b o u t  Eour t i m e s  

h iuhe r .  

nore than  two orders of  maqnitude f r o m  i t s  v a l u e  a t  2,yr = 0 .  

Rowever, t h e  d i f f e r e n c e s  between J for var ious  va lues  

The Ar 2 r e s s u r e  i n  t h e  f i g u r e  

The g r a w t h  r a t e  a t  an X r  ? r e s s u r e  of  0 . 0 5  atm decreases 



of u ( l )  become smaller when Ar vapor is in t roduced .  The same 

k i n d  of p lo t  i n  a Log-Log s c a l e  is shown i n  Fig. 9 and PAr is 

extended to 30 atm. The t r a n s p o r t  rate for a h o r i z o n t a l  

c o n f i g u r a t i o n ,  i nc lud ing  the convect ive  c o n t r i b u t i o n ,  is shown as 

dashed Lines . 
PAr Less t han  L atm. 

maxzmum at a PA= v a l u e  about 7 a t m  €or the h o r i z o n t a l  

c o n f i g u r a t i o n ,  the  v a l u e  of K,  ra t io  of convec t ive  t o  d i f f u s i v e  

c o n t r i b u t i o n ,  s t i l l  inc reases  slowly as PXr i n c r e a s e s  and is 

abou t  1 2  a t  = 30 a<-. The sum of  the p a r t i a l  p r e s s u r e s ,  PCd 

This c o n t r i b u t i o n  is e s s e n t i a l l y  n e g l i g i b l e  for 

Although the t r a n s p o r t  rate reaches a 

+ P , a t  880'C ar2 1.915 ( l o e 3 )  and 2.401 ( l o o 3 )  a t m  fo r  a = 2 . 0  
s2 

and L O  .a, r e s p e c t i v e l y .  For the PXr range shown i n  F i g .  9 I 

i s  auch g r e a t e r  t han  ?Cd + P . 
s2 

Using the 

approximation Ln (1 - x )  = --x when x < <  1, in eq. (ll), w e  have 

Since  D a ?T -' and t h e  d i f f e r e n c e  i n  P x ( l )  and PA(0) is almost 

independent  of  ?T, t h e  transport r a t e  J a P,". 

9, J vs 2Xr in a log-Log p l o t  is almost  a s t r a i g h t  Line  w i t h  3 

s l o p e  of -1. 

A s  shown i n  Pig. 

The c a l c u l a t e d  Groshof number, XGr, for the case of AT = 

5 0 ° C l  is a l s o  ? resented  as a func t ion  of P.Ar in ?13- 9 and is 

3.69 at 3.4r = 0 .1  atm and 3 . 2 5  ( 1 0  ) a t  ?Ar = 30 a t x .  5 



4-2 . t a l R d t S  

AS described in Experimental, vapor t r a n s p o r t  of CdS w a s  

performed under t h r e e  d i f  €erent c o n d i t i o n s  : 

(I) Ampoule CdS-1 w a s  sealed off under  vacuum and t r a n s p o r t  

rate w a s  ob ta ined  from the time r e q u i r e d  t o  t r a n s f e r  a l l  material 

f r o m  hot to coLd end. This was done for both v e r t i c a l  stabilized 

and h o r i z o n t a l  conf igu ra t ions .  It is known that  v e r t i c a l  

s tab i l ized  c o n f i g u r a t i o n  produces a mode where g r a v i t y  d r iven  

convec t ion  should be a t  its m i n i m u m  o r  a b s e n t .  T ranspor t  r a t e s  

f o r  bo th  conf igu ra t ions  w e r e  given i n  Table 2 and P i g .  5 and show 

a l m o s t  n o  convect ive con t r ibu t ion  i n  t h i s  case. The amount of 

CdS t r a n s p o r t e d  and the temperatxres a t  h o t  and c o l d  ends a r e  

a lso t a b u l a t e d  i n  Table 2 .  

( 2 )  .4mpoules CBS-2, 3 ,  and 5 w e r e  s e a l e d  o f f  under X r  

p r e s s u r e s  from 0.07 t o  0 . 2 3  atn as given i n  Table  2 .  The 

t r a n s p o r t  r a t e s  were obtained from the  amount o f  CdS t r anspor t ed  

in a per iod  of  about 2 weeks under  h o r i z o n t a l  c o n f i g u r a t i o n .  

'I%ey w e r e  5-8 t i m e s  s lower than t h a t  of PAr = 0 run.  Fig. 9 

shows t h a t  t h e s e  d a t a  ag ree  q u a n i t a t i v e l y  w i t h  t h e  t h e o r e t i c a l  

r e s u l t s  and a r e  i n  t h e  region where convec t ive  c o n t r i b u t i o n  is 

n e g l i g i b l e .  

For t h e  e x p e r i m e n t s  i n  (1) and ( 2 1 ,  n u c l e a t i o n  s t a r t e d  r i g h t  

a f t e r  t h e  temperature p r o f i l e  was e s t a b l i s h e d  and occurred a t  

many s p o t s  i n  t h e  cold and of the  ampoule. T h e  Larges t  c r y s t a l  

is about  9 . 5  :c 2 x 3 nnm as shown i n  t h e  ?icture of  P i g .  L O .  

( 3 )  A s  descr ibed i n  Zxperimental, we try t o  c o n t r o l  

t h e  a ( 1 )  v a l u e s  €o r  t h e  source m a t e r i a l s  5 y  annea l ing  ZdS under 



Cd pressure before Loading into the transporting ampoules. 

According t o  Gibbs phase rule, once Ehe t empera ture  and PCd over 

the CdS source  are f i x e d ,  a l l  t h e  thermodynamic p r o p e r t i e s  of CdS 

are fixed. From the vapor p re s su re  equa t ion  €or Cd: 

w h e r e  2 is i n  a t m  and T i n  K, w e  can c a l c u l a t e  PCd i n s i d e  t h e  

ampoule and the  a va lue  for t h e  s o u r c e  materials can  3e obta ined  

f r o m  eq. (L2). I n  t h i s  case, CdS at 880'C and 2d a t  393"C, a(1 )  

is 2 . 4 5 .  Ampoule CdS-6 w a s  Loaded w i t h  t h i s  annea led  source  

material  and sealed under  vacuum. X o w e v e r ,  t h e r e  was some Slack 

r e s i d u e  L e f t  a t  the  h o t  end a f t e r  t r a n s p o r t  completed.  i lsing 

energy  d i s p e r s i v e  x-ray ( E D X )  spec t romete r ,  w e  i d e n t i f i e d  t h e  

black r e s i d u e  t3 be e s s e n t i a l l y  S i  ( o r  S i  o x i d e  s i n c e  the  atomic 

w e i g h t  of oxygen i s  t3o Low fo r  o u r  machine t o  be detected)  as 

shown i n  ?ig. L 1 .  R e  anneal ing p r3cess  was r epea ted  and care 

w a s  t aken  t o  minimize the  p o s s i b i l i t y  of contaminat ion .  Ampoules 

C A S - 7  and 8 were Loaded and sealed under  vacuum. A f t e r  t r a n s p o r t  

completed, apprec i ab le  amount of S i  w e r e  found a t  t h e  h o t  end €or  

both runs .  The s t a r t i n g  2 d S  and t h e  CdS a f t e r  annea l  w e r e  

examined by EDX. As shown  i n  Fig. L2, there is n o  S i  in t h e  

s t a r t i n u  C d S ,  S u t  a Si peak appears after t h e  CdS was annealed. 

The Cd u s e d  i n  t h e  annea l  pracess  was also a p o s s i b l e  sou rce  of 

Contamination. Therefore ,  the t r a n s p o r t i n g  se t -up  was u s e d  t o  

t r a n s p o r t  pure  Zd f r o m  t h e  h o t  end to the c o l d  end. S i n c e  the 

vapor p r e s s u r e  of  S i  is v e r y  Low, this process is v i r t u a l l y  a 



d i s t i l l a t i o n -  However, some black S i  r e s i d u e  w a s  found after the 

second d i s t i l l a t i o n -  Ac tua l ly r  small p a r t i c l e s  of s i l i ca  

detached f r o m  the ampoule wall could be seen  i n  t h e  hot end. 

Therefore ,  the fol lowing conclusions w e r e  reached: (1) Cd 

a t t a c k s  the Silica ampoule ( 2) detached Si ( o r  Si02)  C a n  

transport i n s i d e  the ampoule by sunte unknown mechanisms- 

The annea l ing  ampoule w a s  g r a p h i t i z e d  by p y r o l y s i s  of 

methane a t  LOSO'C for 80 minutes. CdS-9 w a s  Loaded w i t h  CdS 

annealed in t h e  g r a p h i t i z e d  ampoule and t r a n s p o r t  w a s  

performed. The black r e s i d u e ,  a l though in much Less amount than  

ampoules CdS-6, 78 and 8 ,  w a s  found a t  t h e  h o t  end a f t e r  

t r a n s p o r t  completed. 

5 -  DISCUSSION 

From t h e  t h e o r e t i c a l  c a l c u l a t i o n ,  t h e  v a l u e  of  a ( 1 )  can 

a f f e c t  t h e  growth r a t e  tremendously as shown in Fig.  5 .  The 

assumption of =(I) = 2 . 0  i n  t h e  a n a l y s e s  of 3ulakh [ l 2 ]  and 

P a o r i c i  e t  a l .  C13l is no t  j u s t i f i e d .  Bal len tyne  e t  al. 1141 

heated t h e  CdS source ma te r i a l  a t  about  900°C i n  a slow f l o w  of 

?r for 4-5 h r s .  t o  make the  mater ia l  "more s t o i c h i o m e t r i c " .  T h i s  

is a l s o  doub t fu l  because it is n o t  known w h e t h e r  the  congruent ly  

subl imat ion  comlposition e x i s t s  i n s i d e  t h e  homogeneity range u n t i l  

t h e  three phase curves of the i n d i v i d u a l  p a r t i a l  p re s su re  a r e  

d e t e r n i n e d .  Various experiments, such  as t h e  growth r a t e  as a 

func t ion  of  L ,  u ( l ) ,  and P A r 8  n e e d  d i f f e r e n t  ampoules loaded w i t h  

CdS of known a(L). The anneal ing method used here should f u l f i l l  



this purpose i f  no t  for t h e  contamination of S i  d u r i n g  anneal. 

The contaminat ion of CdTe by A l  and Si from q u a r t z  t u b e  and Cd 

m e t a l  used as t h e  reservoir during the annea l ing  of CdTe w a s  

r e p o t t e d  5y Taguchi e t  a l .  ClSf. Using secondary ion m a s s  

spectrometry (SIMS), Morimoto e t  a l .  (161 also found i m p u r i t i e s  

of Si and A 1  i n  the remainder of the CdS source  material a f t e r  

p a r t  of it w a s  t ranspor ted .  Russe l l  e t  a l .  (171 associated t h e  

inc idence  of voids  i n  vapor grown CBS crystals w i t h  the minute 

p a r - i c l e s  of S i 0 2  t h a t  o r i g i n a t e  f r o m  t h e  w a l l s  of the  ampoule. 

Recent ly ,  Su e t  a l .  Cl81 recognized t h a t  the r e a c t i o n  between Cd 

and s i l i c a  ampoule causes  the  adhesion of sample t o  the  s i l i c a  

w a l l ,  o r  "wet t ing" ,  dur ing  the homogenization of iIgCdTe and 

consequentLy e l imina ted  t h e  "wet t ing" problem 5y adopt ing  a 

s lower h e a t i n g  rate. 

The comparison between the  t h e o r e t i c a l  r e s u l t s  a n d  t h e  

t r a n s p o r t  ra te  of CSS-1 a s  given i n  Pia. 5 does n o t  n e c e s s a r i l y  

i n d i c a t e  the a ( L )  v a l u e  €or  the 2dS-1 source  material  t o  be about  

LO. o r  0 .1 .  In t h i s  run w e  t r anspor t ed  a l l  t h e  sou rce  CdS and 

the  a ( l )  v a l u e  changes during the t r a n s p o r t .  m e  f i n a l  p a r t  of 

t h e  sou rce  ZdS can be  ve ry  C d - r i c h  3r S-rich and n e e d s  a Long 

t i m e  t3 t r a n s p o r t .  

Acknowledgments 

3 a n k s  a r e  due t o  Or. S. L .  Lehoczky €or t h e  reading of the 

manuscript ,  Al ice  Oorr ies  €or t h e  EDX neasurement,  and Jimmy L e e  

€or  t he  graphitization of  t h e  ampoule. 



.. 

References 

CLl 3. Wiedemeier, D. Chandra, and F. C. Klaessig, J. Crystal 

G r o w t h ,  51 (19801, 345. 

D. Chandra and E?. Wiedemeier, J. Crystal G r o w t h ,  57 (1982), 

159 . 
c 21 

(31 B. Meyer, Chem. Rev. 76 (l976), 367. 

t41 P. GoLdfinger and N-  Jeunehomme, Trans. Farad. SOC., 5 9  

(19631, 2951. 

T S l  M. Y.  Faktor and I. G a r r e t t ,  G r o w t h  of Crystals from t h e  

Vapour (Chapman and g a l l ,  London, 1974) .  

t61 J. A.  NeLder and 3. Mead, Computer J., 7 ( 1 9 6 5 ) ,  308. 

[7] K. Slosse and 0 .  'JLlersma, J. C r y s t a l  Growth, 18 (1973), 

L67. 

CS] R. C. Reid, J. Y .  Prausnitz, and T. K .  Sherdood, The 

? r o p e r t i e s  of G a s e s  and Liquids  ( M c C r a w - X i l l ,  Yew York, 

1 9 7 7 ) .  

191 C . 4 .  Su, !?.-KO Liao, V. Yuanq, S.-S. Liou, and R .  F. 

s r e b r i c k ,  J. Chern. Phys., 31 (1984), 11. 

[IO] D. M .  Shteingradt and V .  e .  Lyusterni'ic, Russ. J. Phys. 

Chem., 56 (19821, 1379. 

[Ll] R. A .  Svehla ,  9ASA T e c h .  Rep. R-L32, Lewis Research Center,  

Cleve land,  Ohio, 1962. 

[L2] B .  M. Bulakh, J. C r y s t a l  Growth, 5 ( 1 9 6 9 ) ,  243. 

1131 C .  ?;toric1 and C. ? e l o s i ,  J. C , - y s t a l  Growth, 35 (19761, 65. 

[14] D. W. G. Sallentyne, S .  :Jetwatana, and E .  A .  0. white, J. 

Crystal Growth, 7 (1970), 79.  



-. . 

(151 T. Taguchi, J. Shirafuji, and Y. Inuzshi, Jap- J. A p p l i e d  

PhYS-, L7 (197818 1331- 

(161 J. M O r z ~ n ~ t O t  T- fto, T. Yoshaoka. and T. M i y a k a w a ,  J. 

Crystal Growth, 57  (19821, 362. 

(171 G I  J- Russell, No F. Thompson, and J. Woods, J. Crystal 

Growth. 71 (19851, 621. 

Cl8l C.-!3. Su, S I  LI Lehoczky, and F. R. Szofran, submitted to 

J. Applied P h y s -  



-. 

Cd 

s2 
A r t  

4.10 

3.97 

3 . 5 4  
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102* 

8 

*Ref. [LO] gave the parameter, 2 ,  in Sutfierland equation for 

v i s c o s i t y .  Comparing it w i t h  eq. ( 2 4 1 ,  w e  have 1 + Z/T = Q u a  

c = 102 meV g i v e s  values of 0" agree with 1 + 2/T to 21.58 

between LOO0 and 1200 K .  
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Fig. I Schematic of t r a n s p o r t i n g  ampoule and temperature  

profile. 

p ig .  2 origin of convec t ive  m a s s  transport (a )  flow p a t t e r n  of 

thermal convect ion if t h e r e  is a h o r i z o n t a l  temperature  

g r a d i e n t  as given  by (b) and a g r a v i t a t i o n a l  f i e l d  

d i r e c t s  toward -y (b) the h o r i z o n t a l  concen t r a t ion  o r  

temperature g r a d i e n t  ( c )  t h e  v e e i c a l  concen t r a t ion  

g r a d i e n t  r e s u l t s  from t h e  thermal  convec t ion  and t h e  

concen t r a t ion  g rad ien t  i n  (b) . 
Fig. 3 Temperature p r o f i l e  o f  the t r a n s p o r t  experiment.  

Fig. 4 Temperature p r o f i l e  o f  t h e  annea l ing  experiment.  

Fig. 5 Transport r a t e  J, i n  Log scale,  as a f u n c t i o n  

of AT 3 T ( I )  - T ( 0 )  at T ( 1 )  = 8 8 0 ° C ,  and L = L O  cm f o r  

va r ious  v a l u e s  of a ( L ) .  

F ig .  6 ? a r t i a l  P r e s s u r e  p r o f i l e s  i n  a L O  c m  long ampoule for 

T(I) = 880"C, a ( 1 )  = 3.0.  S o l i d  curves are f o r  AT = 

30'C and dashed curves f o r  A T  = 10°C. 

Fig. 7 Transpor t  ra te  in Log scale as a func t ion  of T(1) 

€ o r  AT = 30°C, 1 = LO crn and v a r i o u s  v a l u e s  of a ( 1 ) .  

F i g .  8 Transpor t  r a t e  J, i n  Log scale,  as a func t ion  of X r  

p r e s su re  unde r  sealed-off c o n d i t i o n  f o r  7(1) = 880"C, 

L = L O  cn,  AT = 50°2, and a ( 1 )  = 3 . 0  and LO. x ' s  mark 

t h e  r a t e  a t  ?,Ar = 0 .  

Fig. 9 Transport  r a t e  p lo t t ed  a g a i n s t  Ar ? r e s s u r =  i n  a Log-Log 

s c a l e  fo r  T(1) = d80°C, a ( 1 )  = 3 . 3 ,  L = L O  c m ,  d iameter  
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= L cm,  and A T  = 30, SO°CI  Solid curves a re  the 

calculated r e s u l t s  for the  ve r t i ca l  s tabi l ized 

configuration and dashed curves a re  for the  horizontal 

configuration. 

transport rate- 

number ( r igh t  scale), NGr. as a function of  Ax pressure 

for the case of AT = 50°C-  

Symbols are  the  experimental r e s u l t s  of 

Also shown is the calculated Grashof 

Fig- LO P i c t u r e  of CdS crystals-  

Fig. L l  EDX (energy dispersive x-ray) spectrum of the black 

residue l e f t  a t  the h o t  end a f t e r  transport w a s  

completed. 

EDX spectra of  t3e starting CdS and CdS a f t e r  anneal. 

Solid curve is the spec t&nm of s ta r t ing  CdS and c i rc les  

represent the curve for t h e  2dS a f t e r  annealing under C d  

Fig. 1 2  

pressure. 
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PRECURSORS TO SpI(1CRYSTALLINE POLYMfDES 

Frank Y. Harris, Andrea J. hrnavas. 

Department of Polymer Science 
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Akron, Ohio 44325 

Charles N. Cucuras and Sajal Das 

Thl overall objective of this ongoing research is the 
developrmnt of new thewlly-stable composite resins for 
various aerospace applications. Although it is highly desir- 
able that these polymers be soluble in order to facilitate 
processing. they must display considerable solvent-resistance 
in use. A recent approach has involved the synthesis of a 
new series of polyimides containing flexible linkages? '* Th 
polymers uere prepared by the polymerization of aromatic 
dianhydrides with diamines containing oxyethylene linkages. 
For example, the polymerization of 3,3',4.4'-benzophenone- 
tetracarboxylic dianhydride (BTDA. L) with E afforded 
highly crystalline polyimides that were completely insoluble? 
However, 6 polyimide th6t was amorphous and soluble was 
obtainad from the polymerization of BTDA and an isomer of - 2b. 1.e.. bis[2-(3-aminophenoxy)ethyl]ether (a). 

gate the synthesis of the isoimide isomers'-' oi the. insolu- 
ble polyimide systems. 
materials would be soluble and would undergo themally- 
induced isomerizations to the corresponding polyimidec. 
Another objective of this work 
imides from BTDA and diamines 2 8nd 6. 
soluble, amorphous system would be obtained that could be 
annealed into an insoluble, semicrystalline state. If the 
block copolymers failed to display solubility,their iro- 
imide isomers were to be prepared. 

The primary objective of this research was to investi- 

It was postulated that these 

wui to prepare block copoly- 
It v u  hoped that a 

RESULTS AND DISCUSSION 

Polyisoimide Precursors to Samicrystalline Polylmides 

The polymerization of BTDA with 2 in IMP at ambient 
temperature gave the polyamic acids 2. which were treated 
with dicyclohexyl carbodiimide (DCC) to afford tho corre- 
sponding polyisoimides (5) (Table 1). 
polymers were soluble in NMP. EMF. DMSO and E-cresol. 
heating to above ZOO'C, they isomerized to their imide 
form (2). 
thermic crystallization of the imide isaoers. 
melted between 362' and 470'C. 

The bright-yellov 
Upon 

Further heating to near 350'C resulted in the u o -  
These polymers 

on=l hn.2 cn.3 d.n.4 

TABLE 1 

?oly.ric &id#, Palyimiridem ud ?ulyirldam T n a  m A  
and D i m s  

a. Inherent viwomity in W P  a t  30.12 with a concentration of 
0.5 g/dl. P o l y d c  acid was not isohtad prior t o  detarrination. 

Inberent rimcomity in .IIp a t  30.C with a mncentration Of 
0 . 5  g/dl. Polyimoimide ram imo1at.d by precipitation in 
abmlute ethanol prior to datemilution. 

Temperature a t  which rum in isomerization uotharm occurred 
on DSC thermgru obtainod i n  N: with a b a t i n g  rat. .of 
ZO*C/rin. 

Trmp.rature a t  which r u i m m  in crymtallization elrothem 
occurrd on DSC therwqram obtaind in M2 with a heating 
rate of ZO'C/rin. 
m r a t u r a  a t  which rinLuE; in r l t b g  endotherm occurrd 
on DSC t h e m a m  obtained in Ut vith a b a t i n g  rate of 
ZO*C/lin. 

Temperature a t  which Sa weight lomm o m u r d  on ?CA tha-gram 

b. 

E. 

d. 

e. 

f. 
obtained in Y: W i t h  a heating rate Of 10*C/Un. 

Block Copolyimides 

In an attempt to obtain a soluble, amorphous polyimide 
that could be annealed into a crystalline state, block 
copolymers of 2 and 5 and BTDA were prepared. Thus. BTM 
was treated with excess & in NMP at ambient temperature to 
afford amine-terminated oligol~ers (1). 
to & of 1:2 and 3:4 were used. 
polymerized with various amounts of 2 and additional BTDA 
to afford a series of block copolgamic acids (8) (Table 2). 
The polyamic acids were imidized by thermal and chemical 
methods to afford the corresponding polylmides (2). 
imidization was apparently accompanied by some depolynri- 
ration as the viscosities of the polylmides were considerably 
less than their polyamic acid precursors. 

Molar ratios of BTDA 
These oligomers vere then 

Therms1 

1 X . l  , j x . 3  

a - P  

2.i 

a - P  

287 

The copolymers containing less than 20 ueight X 2 -re 
soluble in organic solvents. 
not display a Tm. 
levels of 2 displayed two Tg's and a T,. they vere inaolu- 
ble (Table 3). As the level of increased, the Tm 
increased and the intensity of the Tg near 215.C decreased. 
This is consistant with an increase in crystalline per- 
fection in the & blocks. 

Houever. these polymers did 
Although copolymers containing higher 
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1w:o 

75:uf 

u:75 

a. Solution of polymic u i d  in IW u. htd to  rmflux. ad th. water of 
Imidisation u. r - 4  by distillation. 
ddd to replace dis t i l la t . .  
out for 3 hr. 

b. Aftar thm .o lut im of polyalc  u i d  in IW u. d i l u t d  t o  6Z aolids 
with W .  a 2 mlar ue8.a of a quimlar aolution of pyrldin and 
amt ic  Snhydrida .N .ddd. Rr lrnrltlkq mixture u. s t i d  

Inkrnt vinconity of po ly r i c  c i d  in W at 30% with a -tration 
of 0.s 8fdl. 
Inhmt viaconity of polyLid. i IW at 30.C with a c m m t r a t i o n  
of 0.5 aldl.  
1:2 mhr ratio of BlllA t o g .  
3:4 Molar rat io  of BTM tog. 

Irmnh mP uaa continuously 
Dist i l la t im-ddi t ion cycle w u  u r r i d  

OVWXlf8ht a t  h i a t  t-CatUN. 
e. 

d. 

e. 
f .  

TABLE 3 

mum1 tmpmrtiea  or Block Cclpolyiridea 

L 

a. Tq and Tm m r a  & t e & d  uainq DSC witb a heating rat. 
Of 2O.ClrLcl in I,. 

b. n;A th-au of a l l  the m e l e a  ahand SI w a i q h t  l o a u a  
near 460.C in I, with a h a t i n q  rata of lO .C /mh .  

Polyisoimide Precursors to Block CODOlyimideS 

In order to obtain soluble precursors to the semicrystah 
line. block copolyimides, their isoimide isomers were pre- 
pared. Thw. an amine-temiruted oligomer ( E )  was prepared 
from a 3:4 molar ratio of BTDA to 
with varioru amounts of .nd BTDA. 'I?m resulting polyamic 
acids (2) -re converted to the corresponding polyisoimider 
by treatment with DCC (2) (Table 4). 
were readily soluble in DHF. W ,  mS0. and 5-cresol, under- 
went isomrization above 200.C to thoir imide form. 

and then allowed to react 

The polymers, which 

2c3 

a. O l i g o m r  wan p r e p a r d  from a 3:4 molar r a t i o  or DTDA t o  5. 
b. Inherurt r i s o a i t y  in W a t  30.C with a concentration of 

0 . 5  g/dl. 
C. Inherent viacomity i n  W a t  30.12 with a concentration of 

0.1 q/dl. Polyiaoimfd. was iaolatod by praeipi ta t ion in 
absolute ethanol p r io r  t o  determination. 
Tenprature  a t  which m a x i m u  in c rys t a l l i za t ion  exotherm 
occurrd on DSC tharpoqram obtaind in It with a beating 
r a t e  of 2O*C/rin. 
Taujmrature a t  which b i m m  in r l t i n q  endotherm 
occurrd on D M  thermqru obtaind in I t  with a h u t i n q  
r a t a  of l O * C h i n .  

P o l y d c  acid waa not i a o l a t d  prior to decmmination. 

d. 

e. 
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